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Electron-impact excitation cross sections of the higher argon ®np (n=5,6,7) levels
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We have measured the electron-impact excitation cross sections for argon into the ten levet$pf 3
configuration, as well as numerous levels of the’@ and 3°7p configurations. Fluorescence from the
decay of the excited atoms to the levels @°8s configuration was used to determine the optical-emission
cross sections. These results were combined with transition probabilities to find apparent cross sections into the
3p°5p and 3°6p levels. These new cross sections of the A{Bp) levels along with the available
Ne(2p°3p), Kr(4p®5p), and Xe(5°6p) data help provide a global view of the excitation behaviors of the
np°n’p levels of the rare-gas series.
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[. INTRODUCTION tion for thei—| transition by the corresponding branching
fraction one obtains the apparent excitation cross section of
The visible spectrum of an argon discharge is dominatedevel i. In our previous experiments on excitation of the 2
by the emissions from the levels of th@Bip configuration  levels (3°4p), the branching fractions are determined by
(2p in Paschen’s notatigrfor red/near-ir wavelengths and measuring the emission cross sections for all the transitions
from the 3°5p levels (3 in Paschen’s notatiorfor blue ~ from the 2o levels. For the present work since thp-32s
wavelengths. Under most plasma conditions, the primannd 3—3d emissions are in an unfavorable part of the
population mechanism for these levels is electron-impact exSPectrum as explained earlier, we obtain tipe-81s branch-
citations. Cross sections for excitation into the®8p levels N fractions by combining the measured values of tipe 3
have been studied by many research grdupa], however, —1s transition probab|ll'qes_ and thep3llfet|_mes in order to
excitation into the °5p levels have been less well studied determine apparent excitation cross sections. I
[2—5]. This lack of recent reliable measurements is a hin- Another objective of this work is to study the excitation

drance to the use of these levels in some plasma diagnostlf)ceh"’“/Iors of the higheri®np configurations. We have mea-

S 5 5 o sured optical-emission cross sections for selectpe-4s
61 the same iavelongth range as many ntense argondild P18 tensions (8°6p--3p%ds and °7p
9 9 y 9 —3p®4s, respectively and obtained the apparent excitation

emission lines, mgkmg th_ese negtral emissions relat|vel%ross sections. In these configurations the outer electron
useful for plasma diagnostic experiments. %

: ) np) is far apart from the B° core so that the interaction of
There are, however, some problems with measuring crogge “oyter electron with the core is much weaker than the

sections into the @ levels. First, atoms in aBlevel can  gyin_orbit coupling of the B® core. This situation is very
decay to Igvel; |n-three lower-lying configuratioiBas-  mych like the Xe atomand Kr to a slightly less extent
chen’s designation in parenthesethe 3p°4s (1s), 3p°5S  where the spin orbit of the core is so large that it over-
(2s), and P°3d (3d). While the — 1s emissions lie ina powers the coupling of thegd with the outer electron even
favorable region of the spectru@00-500 nm, see Tablg, 1 for the lowest excited configurations. As will be seen, the
the 3p—2s,3d emissions are in the infrared (1.4—7uM)  ¢ross sections for the Ar@@np, n=5,6,7) bridge the cross-
and generally much harder to detect. Transition probabilitiegection behaviors observed in N@CBp) and Ar(3p°4p)
indicate that only(5—-35% of atoms excited to B levels  with the very different behaviors for Kr@5p) and
decay to the & levels[8]. Since all previous measurements xe(5p56p), and help provide a global understanding of the
have been limited to the [B-1s transitions, it has been excitation cross sections from the standpoint of atomic struc-

difficult to determine even the general magnitude of the aptyre especially the very intricate angular-momentum cou-
parent cross sections for these levels. The second difficulty igjing in rare-gas atoms.

that even within the f— 1s transition array there are many
difficulties in measuring the emission lin¢2,9]. We con-
sider three simple example§) all of the transitions out of Il. METHOD

the 3p; level lie within 0.2 nm of a transition from thep3 The optical method for measuring cross sections is well

level, (ii) the Pq— 153 and Jpg— 15 _tr_ansitions arebothat \nown and detailed descriptions can be found elsewhere
419.1 nm; qncﬁn) many weak transitions .@Hl'.s“’_spﬁ. [10]. We limit our description here to defining the basic
—18,) lie within 0.2 nm of a strong argon-ion emission line. yo 4 e use. The optical-emission cross section fori the

As_a _result, even within the (8—1s transition array the _.j transition at an electron ener@yis defined to be
emissions from all of the levels have rarely been measured.

In this paper we report optical-emission cross sections for
the entire $— 1s transition array (°5p— 3p°4s in con- QUPY(E) = ;i (E) R
figuration notation Upon dividing the emission cross sec- g noll1(E)/e]’
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TABLE |. Wavelengths of p— 1s transitions in nanometer. Weak transitioffisanching fraction less than 0)J0are marked with a
subscriptw. Transitions contaminated by an ion emission line have a subscipansitions separated by less than 0.2 nm from another
argon atom line are in italics. Dipole forbidden transitions are left blank.

3p; 3p, 3ps 3P4 3ps 3ps 3p7 3ps 3pg 3pP1o
5p'[3l0  5p'[3]:  5p'[3].  5p'[3]i  5plzlo  5p[3].  5p[31  5p[3], 5p[3]s  S5plsl

1s, 45'[%]8 425.9 433.5 433.4 434.5 451.1 4589, 459.6 462.§, 470.2

1s, 4s'[11° 418.2 419.1 442.4,; 452.2
1s, 4[31° 398.Q,; 404.6, 404.4 405.5, ; 419.8 426.6 427.2 430.0 436.4, ;
1s; 45219 394.9 394.§  395.7, 415.9 416.4 419.1 420.1  425.1

whered;; is the number of photons per second per unit beantrapolation to zero pressure. Hence, we prefer to use values
length at wavelength; , ng is the number density of target obtained at low pressurése., ones at or below the pressure
atoms (which is proportional to the gas pressyrkis the  used in this work: 6 mTojr The second criterion is to prefer
electron-beam current, arglis the charge of the electron. measurements in which the atoms in the [8vels are pro-
The sum of the optical-emission cross sections for all transiduced by laser excitation rather than electron-impact excita-
tions out of leveli is called the apparent excitation cross tion, since the laser excitation process is more selective and
section, should thus eliminate the complications of cascades. Unfor-
tunately, only two of the experiments simultaneously satisfy
Q2PP(E) E Qopt(E)_ 2 both criteria[8,15], and they are for the samepg level. As
! a result we have generally averaged the results from different
experiments weighing each by the relative experimental ad-
Conversely, any given optical-emission cross section can bgantages offered for each level.

found by multiplying the apparent cross section for leviey For the argon # and 5 levels both the transition prob-
the branching fraction of the— ] transition, abilities and lifetimes have been much less studied. Tine 4
—1s transition probabilities are only known to abotit
Qopt(E):Q_app(E) Aij _ 3) 30%[17,18,14. We have only found experimental measure-
: S A ments for eight of the tenpgtlevels[14,19-2], the remain-
= ik ing two have been taken from theoretical calculatif2®].

For the 55— 1s transitions we have found only two transi-

In the case of the Ar 8 levels, the transition probabilities tion probabilities[17], but no lifetime measurements. Table
of the 3p— 1s transitions are known to reasonable accuracylll summarizes the transition probabilities for the 4nd 5
(generally within=10%) [8,11]. While the individual transi- transitions observed in this work.
tion probabilities of the p— 2s,3d transitions are less well The apparent excitation cross section of lev@icludes
known, we take note that the sum of all transition probabili-the population of this level by direct electron-impact excita-
ties out of a level is the inverse of the level’s lifetime
which have been previously measured for the Rvels TABLE Il. Transition probabilities and lifetimes of 8 levels
[8,12—15. Hence, we can obtain the apparent cross sectiofierived from the literature.
for a 3p, level from Eq. (3) by summing over the |8,

—1s optical-emission cross sections and dividing by the-€Vel A (100 s7) i '=3A; (100 s

branchmg fraction for the entire@— 1s group of transi- 3p; 3.98+0.28 13.001.7:¢
tions, 3p, 1.44+0.14 6.8- 1.4
3p; 0.96+0.08 6.9- 1.2
> Asp 3p, 0.86+-0.11 6.2+ 0.8

app (E)= E QoPt )k<3px P 4 3P 3.75:0.29 10.3-1.¢P-¢

3,15, A ' 3ps 1.72+0.16 6.8- 1.6

5 3px—1sy 3p; 1.19+0.10 6.9-1.0°¢d

3pg 0.70=0.04 6.54+0.072¢

In Table 1l we list the literature derived values for the 3p, 0.97+0.07 7.1 0.8cd

3p— 1s transition probabilities needed for this work as tabu-3p,, 0.32+0.03 6.0-0.9°-c.d

lated from Ref[8]. The required B lifetime values as de-
rived from literature are also included in Table Il. We have®Referencd8].
used two main criteria for selecting among the numerous’Referencd12].
and sometimes conflictingeee Refs[15,16]), lifetime mea-  ‘Referencd14].
surements. Due to the strong collisional quenchih@], ac-  %Referencd13].
curate extraction of the [8 radiative lifetimes require ex- °Referencd15].
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TABLE Ill. Data for 4p and 5 transitions observed in this TABLE V. Optical-emission cross sections forp%p and
work. Estimated uncertainties i;; values are+35% (unless 3p>7p (4p and 5 in Paschen’s notatiorievels at 40 eV and 6
noted based upon a comparison of independent measurements afTorr. Error bars include both the statistical and systematic uncer-
Refs.[14,1§. Estimated uncertainties in experimentally measuredtainties. Values for the apparent cross section were derived from Eq.
lifetimes are taken as 10% [inflated from quoted uncertainties of (4) using transition probabilities listed in Table Ill. Uncertainty es-
(2-5%)]. Uncertainty of theoretical lifetimes is estimatedt@5% timates for QPP include the added uncertainties from transition
based upon agreement between calculated vdR@sand experi-  probabilities.
mental measurements for remaining levels.

i N opt app
ij ij i
ier —-19 2 —19 2
Transition A (am) A, (10°s™H 7 '=3 A4, (10°s7 Transition (hm) (1077 em) (1077 em’)
= + -+
e i e e e
4p,—1s, 3675 0.049 37° p2 (J=1)=1s : SG oo=t
4py (J=2)—1s, 3671 003220009 |
4py—1s, 3671 0.031 l. o y o 27+1.4
i, 346.1 0.067 3.9 —1s, 3461  0.035+0.007
. 4p, J=1)—1s, 3563  0.019%0.008  0.60=0.26
4pa—lsy 3563 0.12 38 4ps J=0)—1s, 3835 0453003 |
Aps—sls, 383.5 0.75 } . . 35*13
o 076 5.gbe —1s, 3607 0.45+0.03
—ls, 360. : 4ps (J=2)—1s, 3633 0.034x0007 |
.
dps—1s, 3633 0.066 1. 1ss 3554 0.12+0.02 18206
355.4 0.27 3.9
—1ss : : 4p, (J=1)—1s, 3635 0.09+0.02 2.5+0.9
4p,—1ls, 3635 0.13 3.6f dpg (J=2)—1s, 3643  0.025%=0.005 40+15
dpg—ls,  364.3 0.024 3.8 4py (J=3)—1ss 3568  0.032+0.006 12+05
4py—1ss  356.8 0.11 4.0 4pJ=1)—1s, 3895  0.019+0.007 Losou
dpg—1s, 3895 0.057 . —1s, 3660  0.016*0.003 DA
3.1
s, 3660 0.044 5p, (J=0)—1s,  340.6 0.17+0.05 0.87+0.43
5p,—1s, 340.6 0.39+0.19 2.04 S5p, (J=1)—1s5 317.3 0.017+0.004
5pels, 3572 051035 57 5ps (J=0)—1s, 3572  0.30*0.05 1.6+038
5pg (J=2)—1ss 3319  0.045%0.012
*Reference [17]. S5pg (J=3)—15; 332.6 0.007+0.002

PReference [14].
“Reference [20].
d .
Reference [22] (theoretical). dir a
_narp ey _ opt
“Reference [19]. i (E)=Q"™E) i - )

1>
fReference [20].

The apparatus used in this work is the same as that used in
tion and by cascades from electron-impact excitation intaur earlier work to measure cross sections for the pt4p
higher levels followed by radiative decay into the leiélfhe  |evels [1]. The electron gun is located inside a 10-cm-
latter is equal to the sum c(Dﬁpt over all levels(l) above diameter collision chamber which is evacuated to a base
leveli. Thus the direct excitation cross section is obtained bypressure of X 108 Torr and then backfilled with 99.9995%
making the “cascade correction” to the apparent cross secpurity argon gas. The gas pressure is measured with a spin-

tion, i.e., ning rotor gauge. The electron beam is formed from an indi-

TABLE V. Optical emission cross sections in units of 8 cm? at 40 eV and 6 mTorr. Error bars include both the statistical and
systematic uncertainties. Values for the apparent cross section were derived frd#) Esjng transition probabilities listed in Table II.
Uncertainty estimates fa@?PP include the added uncertainties from transition probabilities.

3ps 3p; 3p3 3p,4 3ps 3ps 3p7 3ps 3Py 3p1o
(J=0) J=1) J=2) J=1) J=0) J=2) J=1) J=2) J=3) J=1)
1s, (J=1) 2.41+0.29 0.210.04 0.36-0.07 0.210.03 1.06:-0.18 0.0x-0.01 0.11-0.04 0.08-0.03 0.13-0.03
1s; (J=0) 0.33:£0.03 0.27-0.07 0.02:0.02 0.04:0.02
1s, (J=1) 0.01+0.01 0.02-0.01 0.27-0.06 0.015-0.015 2.83-0.38 0.29-0.07 1.31-0.18 0.88-0.12 0.0070.005
1s5 (J=2) 0.16+0.03 0.06-0.01 0.005-0.005 1.45-0.19 0.72-0.12 0.46-0.11 1.04-0.15 0.09-0.02
SQ2PY 2.42 0.72 0.69 0.50 3.80 1.75 2.16 1.42 1.04 0.27

Q?%PP (6 mTorr) 7.9:15 3.4t1.1 5.0:1.6 3.6c1.1 10420 6.9-2.0 125-3.3 13325 7.6£15 5.0:1.7
Q?%PP (0 mTorr) 6.3+1.2 2.4t0.7 3.0:1.3 3.x0.9 6.7+13 6.001.7 3914 11522 3.2£0.8 27709
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rectly heated barium-oxide cathode and electrostatically fo10% for all transitions, leading to a negligible correctjag]
cused by four grids before entering a deep Faraday cup usdéd our cross-section measurements.

to collect the electron-beam current. Light from excited at-
oms emerges from a slit in the side of the Faraday cup and is
imaged onto the entrance slit of a 1.26-m Czerny-Turner A. Optical-emission cross sections
monochromator. The photons are recorded by a C31034A-02 The measured optical-emission cross sections for the 30

photomultiplier tube. The output of the optical detection is|inag of 3p— 1s transition array are listed in Table IV for an
placed on an absolute scale by the use of a tungsten-haloggfbctron energy of 40 eV and a target gas pressure of 6
standard lamp. The total systematic uncertainty in oUmTorr. For the seven transitiorisee Table )lwhich had the
optical-emission cross-section measurements is estimated {@ssibility of contamination by an argon-ion emission line as
be =12%. As a general check of our data collection andevidenced by a sharp increase in the cross section above the
analysis procedures, we have measured the 8 (804.8 ~35 eV threshold for excitation of the ion lines, we took
nm) and 5'S (443.8 nm optical-emission cross sections and measurements at 20 eV and used an uncontaminated line
compared them to the benchmark measurements of Van Zyrising from the same upper state to extrapolate to 40 eV. For
et al. [23]. All measurements agreed within error bars, withthe emissions at 419.1 nm [§3— 1s;, 3pgs— 1s5), we used
an average difference less than 10%. the transition probabilities of Ref8] along with our mea-

We measured the polarization of the fluorescence by placsurements of other8, and 35 emission lines to apportion
ing a polarizing filter between the collision chamber and thethe signal. In almost all cases the relative-3 1s emission
monochromator. The polarization dependence of the opticadhtensities agree well with the relativep3-1s transition
system was corrected for by ratioing the results to an unpoprobabilities of Ref[8]. The few transitions that differ by
larized light source. The measured polarization, at electromore than 20% are generally weaker lin@gith optical-
energies from threshold to 100 eV, was found to be less thasmission cross sections10™2° cn?).

Ill. RESULTS
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Optical-emission cross sections for 14 of the-41s 2 0. (0 T an
transitions and five of the b— 1s transitions are listed in 10} * p‘,( ; )] olx p{( o )
Table V for an electron energy of 40 eV and a target gas 8',\. 'Lzl ] .‘ L
pressure of 6 mTorr. Due to weak signal rates and ion-line S 6w
contamination, we generally only measured one transition s Wy, *' ., 1 3
out of each excited state. For the four cases where we coul 4 T . . T ¢ '_ -
compare transitions arising from the same upper state, thre A - comTon b i I i
levels (4ps,4pg,4p10) compare well with published transi- § * 0S5mTor IR e
tion probabilities[17]. The ratio of the intensities for the B I A 0" ——t——t
transitions out of the g5 level, however, differ by a factor of Sp.(=2) 1 ra 3p, (9=1) 1
2 compared to the ratio of the corresponding transition prob- ord ST P B 4 Sp' [l
abilities (cf. Tables Il and V. 3-$ 1 . .f

— 6 14
B. Cascades and pressure effects Ng o, *._ 4 *'4'-{

The measured optical-emission cross sections include ol P . e ] epe H"}'
contributions from direct electron-impact excitation and 2 @ f' 1 & “fr * o i
electron-impact excitation into higher levels that radiatively £ W 3'p (J'=0). b 3;; (J='2) ]
decay down into the levels of interest. This indirect contri- 2 ,[. o] el 56 .
bution can be corrected for by measuring the optical cross @ [ T, L, 1 olf P I2.
sections for the cascade transitions from the higher levels a 2 JE el 10
illustrated in Eq(5). Most of these cascades lie too far in the 4 L e, \ f,\
infrared (>3 wm) for our possible measurement, hence we 6 °[, = #4 | . I R P
can not determine direct cross sections from our data. ‘q::')' “r M T e,

The only levels that are dipole allowed to decay into the 5 2 2f ERRERET-
3p, 4p, and P levels are levels of the ®ns and 3°nd S oy ¢ VN
configurations. Of these levels, of special note are those with <t o} & 3p, (u=1){ * : 3p, (J=2) ]
J=1 which are also resonance levels whose cross section ¢ i, spld, 21 sp[El,

a function of energy is generally characterized by a broad 12-*1"# 1 el

maximum around 50 eY24]. Furthermore, these same reso- x ., e X

nance levels also exhibit resonance radiation trapping whict sp ¥ EEERE. I Y

leads to a pressure-dependent branching fraction of thes : 8f .

resonance levels to their decay chanij@ls|. The radiation Tnr . 1 s e i
trapping of higher-lying cascade levels can thus lead to a \ # . Pt i S
pressure dependence of the,3tp, and 5 optical-emission AT 3'p (J'=3). 16| ' 3;’ (J'=1)-
cross sections. In Fig. 1, we plot the dependence of the ob sl ] 1 SRS
served cross sections on the target gas pressure for select ﬁ 3 [l 12-*1 pla ]
3p levels at two electron energies. T 1 "y

The relative degree of pressure dependence depends ¢ 1z-+1 Byt
two main factors. First, the branching fraction of the higher N s ;‘_
resonance levels into the particular level of interest, and sec AT f, *...,_.'_
ond the comparative size of the direct excitation process. In v '*' -*. "l 2-‘ fyt : " *’I: pee

ol t 11 .

most cases at the peak of the cross sectiorR@ eV), the 0
direct cross section is much larger than the cascade contribt
tion, hence the cross section is essentially independent or
pressure. At high energigsuch as 100 eVcascades from FIG. 2. Apparent cross sections fop3evels. The energy de-
radiation-trapped resonance levels make up a larger fractiopgndence oQ*? was found by measuring the following optical-
of the signal, which result in the observed increases in th€Mission cross sections: 425.9 nmp(3, 418.2 nm (Py), 433.4
optical-emission cross sections with pressure. An excellerfi™ (3Pa), 434.5 nm (3,), 451.1 nm (Ps), 415.9 nm (Pe),
example of these two general patterns is seen in the emi 27.2 nm (§), 462.8 nm .(3)8)’ 420.1 nm (3).9)' 425.1 nm
sions from the B, level, with the 20-eV results independent (3P10)- Eror bars are statistical only and do not include the uncer-
. tainties from the absolute calibration and transition probabilities
of pressure, whereas the 100-eV results increase by a factor | = ConverQoP to QP
of 2 as the pressure is increased from 0.5 mTorr to 6 mTorr. '
Two other levels illustrate the role the branching fraction ofwhere the direct cross section usually dominates. As the
cascade levels and the size of the direct cross section caessure is increased from 0.5 mTorr to 6 mTorr the optical-
play on the observed pressure dependence. Thelé&vel emission cross section doubles at 20 eV, and increases by a
receives a larger amount of the emissions from higher resdactor of 5 at 100 eV. In contrast, the=3 3p4 receives no
nance levels than do the othep 3evels. As a result, the cascades directly fromi=1 resonance levels, yet still shows
cascade contribution is substantial even at low energiesignificant pressure dependence at 100 eV. The cause in this

L L L
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Electron energy (eV)
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25

case is due to an extremely small direct excitation contribu- 8

tion. The Jg level being a pure triplet level’Ds) has a o M;, 4p (01 T4 4p, (4=1) |
very small direct excitation cross section from tH&, :: TN " [31, ] or' [3],
ground state at 100 eV. Thus even a small amount of [ ™, v, 1o
pressure-dependent cascad&sm multistep cascade pro- 0sl ¥ ) +++, o] ol b
cessepscan have a comparable magnitude to the small direct osf o ] ++
cross section. 04ty . &mTorr 1 osp te .
02f x {1 mTorr * * '
C. Apparent cross sections 0'2 L R B e
P . . . . t 4p, (J=2) 151 4p, (J=1) -
Using the procedure involving transition probabilities and sty 6 2] ] ¥ 60 8]
atomic lifetimes outlined in Sec. Il, we have converted our ot Pk . =
3p— 1s optical-emission cross sections into apparent cross ol ‘" ] or +*
sections for the B levels. The resulting values at 40 eV and .
both 6 mTorr and extrapolated to O mTorr are included in theNE 2 ' . . I .
last two rows of Table IV. Due to the added uncertainties © ¢ ' e L,
introduced from the transition probabilities, the uncertaintiesg-o o ooy
in our reported apparent cross sections @25%. The en- = °f 4p, (J=0) | Ml 4p, (J=2) |
ergy dependence of the apparent cross sections is shown | S Ak & 121, - st &2, |
Fig. 2. To construct this figure we took the “best” optical- v, zs ';f*_ ]
emission cross section for eacp &vel (listed in the figure O x e 2 .
caption and set the value at 40 eV equal to the scaled ap- 8§ - S ) LI 8 **'
parent cross section. To illustrate the effect of pressure- LR ""x or, t - S
dependent cascades, we include two sets of data taken at 0 2 1 ost I
mTorr and 6 mTorr. While the data taken at 6 mTorr have § 0 ————H ool ey
smaller statistical error bars, they also demonstrate the in- § ry 4p, (=11 ol4 4p, (J=2) |
creased cascade contribution to the apparent cross secticg- S'O'f‘ UAHN f 6p 2],
evident at high electron energies. BrEte., . ] 4_1?* |
In Sec. | we noted that thep3-2s,3d emissions are in I e bt
the infrared which makes their measurement difficult; but, e f LYo
we should add, not impossible. In Ref24], the 3p o thigy % 2rt f } .,
—2s,3d optical-emission cross sections were in fact mea- 08 " t i t
sured to find the cascade contributions to the dghd 3 00 F—t ! I F—
apparent cross sections. In principle, we could combine thes: T 4p, (J=3)] =T . ap,, (J=1) |
(or similan infrared measurements with thg3>1s mea- 3_** 6p &, | 2of o 13,
surements presented here to obtajm &parent cross sec- 1_5_;
tions without using transition probabilities. There are, how- 2| 4 | ¥
ever, a couple of problems with this approach. First, due to 1or 4
the low sensitivity of ir detectors it is difficult to measure alll it 1 sl ? : t ot L, .
of the 3p—2s,3d emissions—particularly weak transitions , t ;e 1 s o s * L
above 3/“m- In Ref. [24] this prOblem was overcome by ooiL 50 100150 230 250 800 o 50 100 150 200 250 300
placing upper bounds on the sizes of the unresolvable Electron energy (eV)

optical-emission cross sections. For the cascade correction

purposes of Refl24] this was not a problem as long as the  FIG. 3. Apparent cross sections fop4evels. The energy de-
upper bounds on the unmeasured cascade cross sections weeedence 0fQ*PP was found by measuring the following optical-
much less than thes2and 3 apparent cross sections. For emission cross sections: 365.0 nmp}, 339.4 nm (4,), 346.1
the purposes of this work, however, we need to compare sizém (4pz), 339.3 nm (4,), 383.5 nm (45), 355.4 nm (4s),

of these upper bounds to the much smallpraparent cross 374.4 nm (47), 364.3 nm (4g), 356.8 nm (4,), 389.5 nm
sections. This comparison is far less favorable. Second, théP10)-

combined low sensitivity, increased thermal blackbody back-

ground, and many cross calibration steps necessary to megran using direct infrared measurements40% uncertainty
sure absolute intensities aboveu3n lead to relatively large or even highex:

uncertainties -40%) in those p—2s,3d emission cross We have also converted oupsbp— 1s optical-emission
sections that can be measured. Once again, this level of ugross sections into apparent cross sections for the 12 of the
certainty is not a problem in a small cascade correction, but5 levels that we have reliable transition-probability values
is substantial when finding thep3apparent cross section. for. This was also done using E@) by limiting the summa-
Hence, we find it more advantageous to use transition proktions to only those transitions we observed. The resulting
abilities to fill in the missing transitions#25% uncertainty  values at 40 eV are included in the last column of Table V.
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25— OS5y excited level arises from both direct excitation as well as
: 5p, (J=0)—1s, + 5p, (J=1)—1s, cascades from higher levels. Thus it is y@parentexcita-
2or 4 (340.6nm) 1 o4r 17.30m) 1 tion cross sections that are most relevant to the analysis of
{ os|f ] optical-based plasma diagnostics, since the “correction” for
} the cascade contribution is included in the cross-section mea-
10} Eta { oz} . surement, whereas thirect excitation cross sectiorié ad-
R ++ ' dition to their fundamental importance in collision physics
0sr = 6mTorr 1 °' LN PR are more relevant to comprehensive plasma modeling where
¢ tmTor ool the collisional and radiative transfer rates between each in-
sl Sp(0)—1s, | o8|l 5, (J2)—1s, | dividual level are considered seperately. o
(357.2 nm) 4 (331.9 nm) Furthermore, for plasma diagnostic purposes, it is more
1 osf ¢ | convenient to work with optical-emission cross sections
rather than apparent cross sections since individual transition
oal ¥ . | intensities are the observed quantity. Optical-emission cross
2r . 1 . sections(at any energycan be extracted from the apparent
W1 x| o2} Yo o] cross section values in Figs. 2 and 3 by using Bg.along
' with the appropriate 8 (or 4p) to 1s transition probabilities
g . p=9 (J==3 ) _:155 i 0-00” 50 900 150 260" 250300 Ellebl Rﬁfs.[g,llul,_ll_ﬂ) an? inv;arset_lifetime valuest I(ijsfced in
' 332.6 ) Electron energy (eV) ables Il and I1l. Two notes of caution are warranted in using
04l 1 this procedure. First, for many of the emission lines there are
ion or atomic emission lines close by in wavelengtiee
°‘3'# 1 Table ). For instance, above 30 eV the extremely weak
a2l | 3p;—1s, emission line at 398.0 nm is completely over-
' whelmed by emissions from an Arline at 397.9 nm. Sec-
o 1 ond, as described in Sec. Il B the observed optical/apparent
00 f R I I cross sections can vary with pressure due to radiation trap-
0 50 100 150 200 250 800 ping of cascading resonance levels. Except for the &nd
Electron energy (eV) 4p, levels(and to a lesser extent, thpzand 4pg levels,
FIG. 4. Optical-emission cross sections for selectediévels. this is a small effect for electron energies near threshold; but

15

-20

Optical emission cross section (10 sz)
.f;.

01

Error bars are statistical only. at higher energies this pressure dependence becomes much
larger.
The energy dependence for the levels are displayed in Fig. 3
for the 4p levels and Fig. 4 for the j levels. IV. DISCUSSION
D. Cross sections for plasma applications A. Comparison to previous measurements

In a plasma where electron-impact excitation is the major The 3p— 1s optical-emission cross sections have been
mechanism of producing excited atoms, the population of ameasured to various degrees of completeness a number of

TABLE VI. Comparison of optical-emission cross-section values.

QO pt (107 19 CrnZ)

A Peak energy20-25 eV 100 eV

(nm) This work Ref.[5] Ref. [3] Ref. [4]° This work Ref.[2]
425.9 P, 3.1 1.8 54 1.0 1.7 1.51
418.2 P, 0.88 0.80 1.25 0.17 0.08
4345 P, 0.6 0.3 0.05 0.04
451.1 Ps 1.2 0.72 0.85 0.27
419.8 Ps 3.3 1.2 1.4 0.66 1.1
415.9 s 2.7 2.0 0.26 0.83 0.45
427.2 Ko 1.7 0.8 0.89 0.26
416.4 Ko 0.96 0.7 0.07 0.08
430.0 Ps 1.8 0.8 0.36 0.22
462.8 Pg 0.16 0.49 0.04 0.04
420.1 Py 2.7 2.1 6.74 0.15 0.20
470.2 Do 0.37 0.25 0.03 0.04

%% mTorr values.
bTaken with a pulsed electron beam, to reduce cascade.
€0.5-mTorr values.
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10f = ' N ' - ' 3, I(J=0) ] pulseq measurements._The best approach to res_olving th_is
o8l | X oo 451.1nm ] question would be to directly measure the cascading transi-
"><>e<><xx»' tions, however these generally have long wavelengths
5 oor L (>3 um) making their measurement very difficult. How-
G 04 ] ] ever, for the P, level we can possibly resolve this issue
; 0.2 without directly measuring the cascades. The only dipole-
o (1).8_ | . | i | | 1 allowed cascading transitions into tlle=0 3p, level are
g ! 3p, (=1) i 3p, (J=3) from J=1 resonance levels. Since these levels are subject to
S 08 M, 427.2,4164n0m ) 4 420.1nm . radiation trapping, if cascades make up a large fraction of the
T e L 3p, apparent cross section then the 425.9-npy-31s,
g 0.4} ‘x\\ emission cross section should exhibit severe pressure depen-
02fx X X e L w L, dence. However, as shown in Fig. 1, at 20 eV tipg Bvel
oold . T ' e has a rather weak pressure dependence which argues against
0 50 100 150 0 50 100 150 200 a large cascade contribution.
Electron energy (eV) The energy dependence of the cross sections measured in

) ) ) this work is in excellent agreement with the earlier relative
ected fevels. This work: 0 SumiTor vatues(h, G-mTort values  Measurements of Balloat al. [26], and reasonable agree-
L y AN ' ment with the excitation functions of Reff3,5] with the
(®); Fischer[3] (solid ling); Feltsan and Zapesochh$] (dotted . A
line); Ballou et al. [26] (dashed ling and Tsurubuchiet al. [2] notable e).(ceptlon Of. the§ I.evel as shown in Fig. 5. The
(dot-dashed ling 3p; level is also an interesting case due to the strong pres-
sure dependence observed in this level. Our 0.5-mTorr data
closely match the sharply peaked data taken at low pressures
o by Tsurubuchiet al.[2], whereas our 6-mTorr data are simi-
sitions and found the energy dependence of the cross segj 1 the broad curves measured at high pressures by Fischer
tions from 0 to 100 e\[3]. His relative result§obtained at [3] and Feltsan and Zapesochi®j. The agreement between
18 mTorp were placed on an absolute scale by cross calibrag,seriments for the remaining levels not shown in Fig. 5 is
tion to the known 435.8-nm Hg optical-emission cross secCgimijar to that shown for the 3, with better than= 25%
tion. Feltsz_in _and Zapesochny measured 17 of the»3s agreement at 100 eV,
optical-emission cross sections from onset to 100 eV at gas
pressures between 0.7 and 3 mT[&}. Bogdanova and Yur-
genson used a time resolved measurement technique with a
pulsed electron beam to measure seven-3ds optical- Systematic measurements of electron-impact excitation
emission cross sections at 25 ¢4]. While their measure- cross sections in recent years have provided a global under-
ments were done at a high gas pressii®@ mTor) where  standing of the excitation process of the rare-gas atoms. For
pressure-dependent cascades can be large, time resolvié@ Ne --Xe series the ground states are described by
measurements were used to reduce the amount of cascadep® 1S, wheren=2,3,4,5 for Ne,Ar,Kr,Xe, respectively. The
These authors also used transition probabilities to convemnext two configurationap®(n+1)s andnp®(n+1)p are of
their optical-emission cross sections into apparent cross sespecial interest since they are responsible for some of the
tions. Finally, Tsurubuchet al. have recently measured 12 of strongest emissions. Electron excitation into the ten levels of
the 30 —1s optical-emission cross sections for the pur- thenp®(n+ 1)p configuration ($ in Paschen’s notatiorior
poses of correcting theirslapparent cross sections for cas- all atoms have been studied in defdil27-29. In this sec-
cades[2]. Their measurements were done at very low prestion we discuss the new cross sections for A{8p) and
sure, but they only report values at 100 eV except for a fullAr(3p°6p) in the context of the systematic behaviors of the
3p; excitation function. rare-gas series.

A comparison of the present work with these earlier mea- We should first point out that thep85p and 3°6p data
surements is found in Table VI. Our values at the peak enreported here are the apparent excitation cross sections which
ergy are generally larger than those of H&f, and smaller have not been corrected for cascades. Nevertheless, for dis-
than those of Refl3]. Since the gas pressure at which we cussing the general trends we will use the apparent cross
obtained our results is also intermediate between that used I®gctions in lieu of the direct excitation cross-sections, since
Refs.[3,5], much of the variation is due to differing contri- in general the percentage cascade tends to decrease for the
butions of radiation-trapped cascading levels. For those casdéxgher levels in the nonresonant seri@$,31].
where multiple transitions are measured out of a common Our first observation is the magnitude of the cross sec-
upper state, our intensity ratios agree slightly better withtions as related to the parity of the total angular momentum
transition probabilities than do the results of the other experid. Within thenp®(n-+1)p configuration the levels with even
ments. In almost all cases we agree well within error barwvalues ofJ have larger cross sections than the ddigvels
with the 100-eV low-pressure results of REZ). In contrast, for all four atoms[1,27—-29. We see that our new data for
our results are much larger than the cascade-reduced methe Ar(3p°5p) and Ar(3p°6p) cross sections indeed con-
surements of Ref4]. This could argue for either a substan- form to this parity relation as well. The variation of the cross
tial cascade contributionX75%), or some problem with the section withJ has been explained qualitatively by using a

times in the past. Fischer measured 15 of tipe-3Ls tran-

B. Relation to other rare-gas atoms
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0.0 oo not conform to any one of the simplest coupling schemes
K such as the.S, jj, andjK types[34]. For Xe the spin-orbit
:}3p57p coupling of the corg1.3-eV splitting dominates the cou-
plings of the other angular momenta so that friyw 1 and
- = s.=1/2 we first construcf.=1/2 and 3/2. We then couple
je=21/2 withly=1, sy=1/2 resulting inJ=0,1,1,2; and like-
wise obtainJ=0,1,1,2,2,3 using.= 3/2. We refer to this as
jc(19Sg)J coupling since we do not specify whethgr first
15k couples withl to form the intermediate vectd€ (jK cou-
5 pling) or |, andsy first couple together to formy, (jj cou-
[ — ‘,‘I_’I%’ pling). The ten energy levels of the Xg$B6p) configuration
2.0 - = indeed segregate into a lower group of sjx=3/2) and an
s upper group of four .= 1/2) as shown in the fourth column
45%5p 5{’ 6p of Fig. 6. Interestingly, this two-tier pattern is also evident in
25 3p°4p =3 =3k the electron-impact excitation cross sections listed in Table
5 ’ VIl in which we find, in the case of Xe(®6p), the levels in
23 the lower group to have larger cross sections than those in
the upper group especially if we compare only levels of the
same] parity. The ionization energies of the two groufsl
and 2.4 eV differ by a factor of 2, which means that the
FIG. 6. Energy level spacing farp®n’p configurations of the upper-group levels have much more extended wave func-
rare gases. The energy levels are measured from the ionization limiions compared to members of the lower group and are there-
which is taken a€=0. fore less likely to be excited from the ground state which has
a much more compact wave function. The same analysis
multipole field picture, and by a group-theoretical analysis ofapplies to Kr. Although Kr has a smaller core spin-orbit cou-
the coupling between the initial and final states of the inelaspling (0.67 e\) than Xe, we see in Fig. 6 and Table VII a
tic collision on a more quantitative bagi32,33. similar, though less distinct, two-tier separation in both the
The 3p°5p and 3°6p cross sections for Ar also provide energy levels and cross sections within the K1{8p) con-
a linkage between the cross-section pattern observed for N@uration.
and Ar and the very different pattern for Kr and Xe. To see On the opposite extreme is Ne for which the spin-orbit
this let us first discuss thep®(n+1)p configuration of the  splitting of the 2»° core is 0.097 eV, much smaller than the
rare-gas atoms. We denote the orbital and spin angular m&oulomb interaction of the outer electrong)Bwith the 2p®
mentum of thenp® core ad ands,, respectively, and udg  core. Thej.(l,Sp)J coupling is not a good approximation
ands, for the corresponding quantities of the “outer” elec- and no two-tier pattern is seen in Fig. 6 and Table VIl for the
tron (n+1)p. The coupling of these four angular- energy levels and cross sections for Ne{2p). In contrast
momentum vectors are quite complicated and in general dto Kr and Xe where the upper four levels have smaller cross

-0.5 |-

1.0 | = = e
5 .
: = 3pp = j=12

Energy (eV)

-3.0 |

Z |

e Ar Kr Xe

TABLE VII. Comparison of cross sections for rare-gas atoms at 75 eV. ValuagspRfn+ 1)p configurations of Ne, Ar, Kr, and Xe are
direct cross sections, values for Agp, n=>5,6,7) configurations are apparent cross sections at 0.5 rihith include some cascade
contribution). To maintain the same set of labels for all the rare gases, we designate the levels using Racah(wbiatias a labeling
scheme essentially based i coupling.

Cross section (10° cn?)
Racah Xe(P®6p)  Kr(4p®5p)  Ne(2p°3p)  Ar(3p°4p)  Ar(3p®5p)  Ar(3p°6p)  Ar(3p°7p)

J  designation Ref{29] Ref.[28] Ref.[27] Ref.[1] This work This work This work
ji=% 0 p'[%6 22 20 16 30 5.3 1.0 0.56
1 pr[%]l 2.4 7.2 3.2 6.9 1.5 0.59
1 pr[g]l 1.5 7.0 2.4 7.2 1.7 0.37
2 p’[%]z 19 23 9.9 12 2.9 1.8
je=2 0 eIl 94 41 2.4 13 6.3 1.9 1.2
1 p[%]l 50 8.5 2.8 7.3 1.3 0.62
1 p[g]l 32 29 35 11 3.2 0.93
2 P21, 38 26 11 16 3.9 0.87
2 p[g]z 50 44 6.5 23 6.9 2.3
3 p[31s 3.1 15 3.9 4.3 25 0.29
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sections than the lower six within tep°(n+1)p configu-  Ar(3p54p) configuration a similar calculation gives
ration, it is the uppermost level that has the largest cross-0.89 and8=0.45 because the spin-orbit coupling, is much
section in Ne($°3p). Ar has a somewhat larger spin orbit stronger. Thus, the disparity between the tde 0 levels
of the core(0.18 eV) than Ne, but still much smaller than the decreases with an increasing amount of admixture due to the
Kr value. This is reflected by the similarity of Ar(84p) to  spin-orbit interaction. Further increase of the spin-orbit split-
Ne(2p°3p) in the general pattern of both energy levels andting eventually pushes thEP,) energy above thé'Sy).
cross sectiongFig. 6 and Table VI). When their mixing is taken into account as in H@), the
The variations of the cross sections with the angularfower J=0 level now has a larger singlet component, and
momentum vector coupling can be delineated more quantitaherefore larger cross-section, than the upper one. Indeed we
tively by considering the twaJ=0 levels of thenp®(n  find the upper-vs-lower cross-section ratio to be 6.7 for Ne
+1)p configuration in greater detail. Note in Table VII the and 2.3 for Ar, but 0.5 for Kr and 0.23 for Xe.
dominance of the upper=0 level over the lowed =0 level The higher configurations@n’p of Ar studied in this
in the case of Ne cross sections whereas the trend is reversgdper now provide another way of examining the differences
for Xe and Kr. Let us start with the limit of zero spin-orbit in going from intermediate couplingNe,An to j.(15So)J
coupling (close to the Ne extrerndor the (np®)(n’p) con-  coupling (Kr,Xe). Let us compare the $4p and 3°5p
figuration and refer to this as the unperturbed system. Theonfigurations. They share the sam@®%ore spin-orbit
“unperturbed energies” for the six terms in theS represen-  splitting, but the interaction of the core with the outer elec-
tation (*S, 3S, *P, °P, 1D, D) are expressible in terms of the tron is smaller for the B°5p since the outer p electron is
Slater-Condon parameters involving thep andn’p elec-  further away from the core. Thus for higher configurations
trons with S term having the highest ener§$5]. Introduc-  the core-spin-orbit interaction becomes more important rela-
tion of a small or moderate spin-orbit coupling as a perturdive to the interaction of the core with the outer electron
bation splits the®P term into an inverted triplet=0,1,2)  shifting the coupling toward thg.(19Sp)J scheme. In refer-
and allows the top membetP, to interact with the only ence to Fig. 6 the energy levels of the ApBp) configu-
otherJ=0, 'S,. This results in two levels described by ration clearly segregate into two groups, but this pattern is
less obvious for Ar(®°5p). Correspondingly the

=a 0/ r(3p°6p) cross sections also fall into the two-tier structure
|a)=a|Sp) + BI*Po) Ar(3p%6 ions also fall into th i

N 3 with the lower group having cross sections on average 35%
|b)=B|"So) — a|>Po). (6) larger than the upper group, whereas the same division of

cross sections is not recognizable for the Asf8p) con-
figuration. In the preceding paragraph we discuss the cross-
section ratio of the upper=0 vs the lowerd=0 level which

is 2.3 for the Ar(3%4p) configuration and 0.50 for

For the case of weak spin-orbit interactions, & term is
well above the*P, term, so that with only a small admixture
in Eq. (6) the upper level is mostly singlet and the lower

level is mostly triplet. Since the ground stai@® is purely 5 5 5
: > F Kr(4p®5p). For the Ar(3°5p), Ar(3p°6p), and
singlet, excitation into the uppdr=0 level has a larger cross Ar(3p°7p) configurations, this ratio is 0.83, 0.53, and 0.47,

section than into the lower one. For a more quantitative il- . I i , .
lustration consider the Ne®3p) configuration. Using the re.spectwely, mirroring the transition from |'ntermed|ate cou-
' pling of Ne(2p°3p) and Ar(3p°4p) to the j.(lSg)J cou-

Slater-Condon parameters of RgB4] we have the unper- lina of Kr and Xe
turbed energy spacing betweds, and 3P, as 2100 cm* P9 '
which is indeed much larger than the2spin-orbit coupling
parameter; =333 cni ! [34], leading to an estimate of the
admixture coefficient3~0.16 and a=+1—-8°~0.98. A The authors wish to thank Professor Donald W. Setser for
more elaborate calculation based upon the method of Cowadliscussions concerning the lifetime measurements. This
and Andrew{34] yields «=0.98 andB=0.18. Thus the up- work was supported by the Air Force Office of Scientific
per NeJ=0 level has only a 3% triplet character. For the Research.
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